Spontaneously anti-gravitational transportation of liquids in a long distance is widely discovered in nature, such as the water transportation from the root to the crown of a tree. However, it remains a challenge to artificial liquid delivery. In this work, a new power-free pump composed of a superhydrophobic plate with a pore mounted on a leak-proof cylinder container filled with water is presented for sustained anti-gravity and long distance transport. Water droplets can be spontaneously captured through the pore by the lower water column, forming a mushroom-like jet due to the energy transition from surface energy to kinetic energy. The spontaneously increased inside pressure in the container will push the water out, through another thin tube, realizing the energy transition from surface energy to gravity potential energy. The dynamic driving and moving model of the pivotal mushroom-like jet was analyzed. The maximum transport height and transport ability of water pump were also discussed. The results show that Laplace pressure is the main driving pressure of the mushroom-like jet and that the developed power-free pump which can effectively transport water to over 100 mm height with an average transport speed of 4500 μL·h -1 , showing an application potential in the microfluidic system and medical devices where micro pump is needed.
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Introduction
In our daily life, pumps are widely used to transport water upward or to a distant place. A lot of energy is consumed by the power pump to attain sustained transportation. Moreover, unexpected power outage for especial pump will have potentially risks. For example, if the insulin pump stopped unwittingly, it would cause unpredictable harm to patients. Hence the development of a power-free method to transport liquid would be of considerable benefit. In nature, the most famous power-free pump system are trees, which can transport water from its roots to the crown via the trunk due to the capillary, transpiration and osmotic effects 1 . Many biological surfaces also process this similar function [2] [3] [4] [5] . O'Leary's study reveals that the water transport in some plants is mainly driven by capillary force and negative xylem pressure 6 . Inspired by nature, researchers are looking for new methods to realize the power-free anti-gravity and long-distance transport of water.
Methods reported previously for the anti-gravity transport of water include thermally driven pump 7 , chemically driven methods 8, 9 , surface tension driven methods [10] [11] [12] [13] [14] [15] [16] , and various other approaches [17] [18] [19] [20] [21] . Delamarche et al [22] [23] [24] developed a capillary pump for use in biological analysis, where the high precision transport of nano-fluid was realized. Bush et al 25, 26 studied the foraging strategies of bird beakes, and proposed that transport of millimetric droplets could be motivated by a combination of surface tension and a capillary ratchet. Megaridis et al 27 developed microfluidic platform driven by surface tension and realized anti-gravity transport to a height of 10 mm. Cao et al 28 used a superhydrophobic mesh to develop a surface tension driven pump which could spontaneously and continuously deliver water to a maximum height of 14 mm. Although some achievements have been obtained in the area of power-free water pump, unfavorable features such as low transport height, low transport velocity, and difficulties with long distance transport demonstrate the significant challenges to meet practical application.
In the past decades, surfaces with extreme wettability showed good application potential in the manipulation of droplets, transport of macro/nano-fluids, and coalescence of droplets, biological analysis, and oil/water separation [29] [30] [31] [32] [33] [34] . Here, we developed a power-free water-pump composed of a superhydrophobic plate with a pore mounted on a leak-proof cylinder container filled with water. The plate employed shows excellent superhydrophobicity on both sides. When a water droplet is dropped on the pore, the lower water will absorb the droplet and result in a release of surface energy. Surface energy will be transferred into kinetic energy first, forming a mushroom-like jet, then further into gravitational potential energy, realizing the anti-gravity and long-distance transport through another thin tube. This work presents a novel water delivery system with a transport height of hundred millimeters scale, and should serve as a source to design advanced devices, sensors and actuators in the fields of microfluidics and lowerenergy industry.
Experimental

Fabrication of the wettability plates.
The pure Al plate (thickness, 0.4 mm) are hydrophilic; after etching by 1 mol·L -1 aqueous CuCl2 solution for 20 s, the Al plate was transformed into a superhydrophilic material; when the etched Al plate was immersed in the 0.05 mol·L -1 ethanol solution of stearic acid (STA) for 20 min, it was transferred into a superhydrophobic surface. Before chemical etching, the pore on the sample surface was drilled by a precision bench drill (ZX7016, Yisong, China). The apparent contact angle (CA), microscopic morphology, and chemical composition of the samples were measured by optical CA meter (DSA100, Krüss, Germany), scanning electron microscopy (SEM, SUPRA 55 SAPPHIRE, Germany), and energy-dispersive X-ray spectroscope (EDS, SUPRA 55 SAPPHIRE, Germany), respectively. In the experiment, water was dyed red for better visualization. The self-capturing process was observed by a high-speed colour camera (HotShot 512 SC, Japan).
Characterization of the wettability plates.
The results of wettability, microscopic morphology and main chemical compositions of the Al surfaces obtained at the different processing conditions are shown in Fig.1 . The uncoated Al surface was very smooth and showed hydrophilicity with a contact angle of 72° ± 3°, and the smooth structure was considered to be a layer of oxides due to the Al and O elements detected by EDS spectrum [ Fig. 1 (a) ]. After CuCl2 etching, the Al surface was covered by micro/nanometerscale Al structures composed of irregularly rectangular pits and protrusions, here surface features increase the contact area of the solid-liquid and results in superhydrophilicity with a contact angle of 4° ± 1.5° [ Fig. 1 (b) ]. After modification with stearic acid, the surface energy of the micro/nanometer-scale Al structures were reduced. The combination of rough structures and low surface energy contributes to the surface superhydrophobicity with a contact angle of 158°± 2° [ Fig. 1 (c) ]. The EDS spectra indicate the presence of C and O due to the stearic acid added to the surface.
Properties of the water pump.
The water pump was a cylindrical tube with a body external diameter of 30 mm, an internal diameter of 27 mm and a length of 110 mm. The material composition of the pumps and tubes were Plexiglas and Teflon, respectively. The water droplet was supplied by a syringe. 
Results and discussion
Generation of mushroom-like jet.
For an open environment, when a water droplet is dropped into water, the droplet would be spontaneously captured by the water surface and coalesce into the bulk, evolving to a ring, as shown in Fig. 2 (a) . If a thin plate with a pore is put on the water surface and then the water droplet is dropped on the pore, the situation changes drastically, as shown in Figs. 2 (b) to 2 (d). The bottom side of the water droplet could touch the lower water and then be captured by coalescence, forming a jet. This phenomenon is known as a self-capturing process. We also observed that the shape of the jet was different when using plates with different wettability. For superhydrophilic and hydrophilic plates, the jets were very weak [Figs. 2 (b) and 2 (c)]. However, for the superhydrophobic plate, the jet was very strong with a straight moving track and fast moving velocity, looking like a mushroom with long tail [ Fig. 2 (d) and Movie S1 of Supporting Information]. To visualize the self-capturing process of the water droplet on superhydrophobic plate, a high-speed colour camera was employed for the real-time observance of the penetration process. The water droplet is in an unstable state with a gradually reduced contact angle [ Fig.3 (a) , Fig. S1 and Movie S2 of Supporting Information]. Figs. 3 (b) and 3 (c) display the model of the self-capturing process of a water droplet on the superhydrophobic plate. Before the instantaneous volume Vi of the water droplet was larger than the critical volume Vcri, which refers to when the contact line just reduced to the pore diameter (Table S1, , where r is the radius of the pore. The instantaneous volume Vi of these two stages can be calculated as . On the basis of Equation (1), P  can be derived as follows:
where  is the surface tension of water at room temperature, 72.8 mN·m -1 . According to Equation (2), the plot of Laplace pressure P  is shown in Fig. 3 (e) . For different pore diameters, when the Vi ≥ Vcri, the decrease of Vi resulted in a slowly increased P  . When Vi ≤ Vcri, the decrease of Vi and i  resulted in an increased P  and was followed by a decrease.
The maximal P  was obtained when the contact angle was 90°.
The driving force FL of the self-capturing process resulting from the Laplace pressure can be calculated as FL = P  ·S, where S = πr 2 denotes the section area of the pore. With a decrease of Vi and i  , FL increases first and then decreases [ Fig. 3 (f) ].
The geometric centroid of the spherical-cap-shape water droplet during the self-capturing process occurs at a distance z above the plate and is given by 
During coalescence of the droplet with the bulk, the geometric centroid z is shown a decreasing continuously [ Fig. 3  (g) ]. To quantify the shrinking rate of the droplet, the instantaneous acceleration Fig. 3 (h) ]. The initial acceleration increased gradually and was followed by a dramatic growth, allowing the generation of the sustained mushroom-like jet. Furthermore, we measured the moving length of the mushroom-like jet, as shown in Fig. 3 (i) , the experimental length-time (L ~ t 1/2 ) profiles of the mushroomlike jet were approximately linear.
After the water droplet was captured by water pump, the evolution process on hydrodynamics mechanisms of mushroom-like jet was similar to that of the plunging liquid jet, a water column impacting on the free surface of a liquid reservoir after penetrating an ambient atmosphere [35] [36] [37] [38] . The aforementioned dynamic analysis indicates that the single droplet can penetrate the pore on the thin plate via Laplace pressure and then is captured by the water surface to generate a mushroom-like jet without any external power. The water entering into a sealed container filled with water causes a spontaneous increase of the internal pressure. If a tube is added on the side of a container, this pressure can provide a driving force to pump water out, forming a power-free pump, and realizing the transition from surface energy to gravity potential energy, which is the essential feature of this work. A superhydrophobic plate with multiple pores was fabricated to generate multiple mushroom-like jets, which could improve the transport efficiency (Movie S3 of Supporting Information).
Power-free water pump.
The adhesion force Fa between the plate and water droplets directly affected the self-capturing process, and was calculated by sliding angles using Equation (4) . The experiment of measuring sliding angles was shown in Fig. 4 (a) and Movie S4 of Supporting Information.
where g represents the gravitational acceleration; V is the volume of droplets; α is the measured sliding angle, FG is the component of the gravity force along the plate. From Equation (4), it can be seen that the adhesion force for a specific volume is proportional to sinα. The sliding angle of the droplet on a flat superhydrophobic surface without pores was only 5° [Fig. 4 (b) ]. However, the sliding angle became larger with increase of the pore diameter. For example, the sliding angle was up to 35° when the pore diameter was 0.7 mm. For the hydrophilic surface, the experiment results showed that the droplets did not slide down until the plate was tilted to 90° with various diameters. Water residue still remained on the pore inlet of the hydrophilic surface after the self-capturing process [ Fig. 4 (c2) ]. However, for the superhydrophilic surface, water spread quickly Please do not adjust margins Please do not adjust margins on the surface without any sliding angle [ Fig. 4 (c3) ]. Therefore, the minimum adhesion force was obtained on superhydrophobic surface, which was beneficial for the selfcapturing process. The cylindrical water pump was designed by using a selfcapturing principle via a pore mounted on a leak-proof cylinder container filled with water as shown in Fig. 5 (a) . The pressure resisting capacity of the pore directly affects the transport capacity of the water pump. A measuring system containing a plate with a pore and a cylindrical container was employed to measure the pressure resisting capacity, as shown in Fig. 5 (b) . Water was poured into the measuring device slowly until it leaked from the pore. The competition between the forces Fp and Fs, resulting from the hydrostatic pressure of the water column and the surface tension along the boundary of the pore, can be expressed as follows:
in which i  is the water contact angle; h stands for the height of water column. The maximum pressure resisting hmax, which is derived from Fp = Fs and can be expressed as follows:
Here, it should be noted that additional Laplace pressure rendered by the tube itself was neglected due to the hydrophobic property of the Teflon tubes. According to Equation (6) , when the plate contained a superhydrophobic surface with a pore diameter of 0.1 mm, the pressure resisting height was measured to be 229.0 mm. The pressure resisting height was decreased in accordance with the enhancement of pore diameter, as shown in Fig. 5 (c) . For the hydrophilic surface, a similar trend was exhibited but the pressure resisting height was a little lower than that of the superhydrophobic surface. However, for the superhydrophilic surface, water spread and leaked quickly from the pore when water was poured into the measuring device, indicating that the superhydrophilic pore did not possess any pressure resisting capacity.
The results above showed that the adhesion force and pressure resisting capacity on the superhydrophobic surface were optimized and of best fit for making the water pump. Utilizing this water pump with a pore diameter of 0.1 mm, water can be lifted to 144.6 mm with an average transport speed of 4500 μL·h -1 [ Fig.5 (d) and Movie S5 of Supporting Information]. The increase of transportation height h resulted in a dramatic decreased transportation speed and was followed by a decrease trend gradually because the driving pressure was changed ( Fig. S2 and Fig. S3 of Supporting Information). In the transport process, it can be seen that the transport height of the pump depends on the FL and Fh [ Fig. 5 (a) ]. Where, FL is the driving force from the Laplace pressure difference [ Fig.3 (f) ], and arises from an increase of the transport height ht which resulted in an increasing force of Fh, which generate a pressure h P  and is given by . However, it is surprising that the experimentally measured transport height ht was less than the pressure resisting height hmax. The different from the pressure resisting experiment [Figs. 5 (b) and 5 (c)], we speculate, is due to some possible influences such as the uncertainty of the finial contact state between the droplet and the pore because the self-capturing process is a dynamic process, dissipation of energy resulting from the expanding of the container, etc., which suppress the maximum height and makes it hard for us to give a high precision model. This remaining open question is beyond the scope of this manuscript and will be investigated further next in our research program. Combining Equation (2), a prediction model of Equation (7) was obtained to estimate the maximum transport height ht max by fitting the experimental data, the results showed that the critical contact angles for the maximum transport height with different pores were different [ Fig. 5 (d) ]. 
Transport ability of water pump on different posture.
The feasibility of using the superhydrophobic plate to design the water pump was verified in our study, and a transport height on the order of a hundred millimeter scale was achieved. To test the practicality of the water pump, further research was conducted on the transport height under different tube diameters and the pump body with different tilted angles β [ Fig.   6 (a) ]. The results showed that the transport height was not related to the tube diameter and the pump tilting angle because the water pressure was unchanged inside the pump under the various states [Figs. 6 (b) and 6(c)]. Based on this good stability, an extensive application prospect of the water pump is expected. An integrated long distance transport system is displayed in Fig. 6 (d) . The pore diameter on the superhydrophobic plate was 0.1 mm and the tube with a length of 1 m was positioned optionally but maintained higher than the upper water surface of the pump. Droplets were consecutively transported along the tube to the outlet tube after being captured by the pump without any external driving force (Movie S6, Supporting Information). If the end of the tube is lower than the level of water surface in the container, before the liquid reaches the peak point of the tube, the Laplace pressure is the main driving force. After the liquid filled with the whole tube, siphon effect will also promote the transportation process besides the Laplace pressure. If the end of the tube is higher than the level of water surface in the container, that situation is not meet the condition of siphon. Thus, Laplace pressure is still the main driving force. In the experiment shown in Fig. 6 (d) , the whole tube is higher than the level of water surface in the container, indicating that the siphon effect can be ignored. The superhydrophobic surface can maintain its function unless the plate is damaged by oil-contamination or mechanical force. The water pump will not lose efficacy in the normal application condition. Therefore, our power-free pump could be employed as a novel device for advanced fluid delivery systems.
Conclusions
A mushroom-like jet with high moving velocity was observed when dropping a water droplet onto the pore of superhydrophobic plates on water surface, showing a high energy transition efficiency from surface energy to gravity potential energy. Based on this self-capturing phenomenon, a power-free water pump composed of a superhydrophobic plate with a pore mounted on a leak-proof cylinder container filled with water was designed to transfer the surface energy into gravity potential energy and this realized the anti-gravity long distance transport of water. The measuring experiments indicate that the superhydrophobic surface with high pressure resisting capacity and low adhesion is the preferable material for designing the power-free water pump. The spontaneous anti-gravity transport height of the pump was up to a hundred millimeters scale and increased with a decrease of the pore diameter. Further study indicated that the transport capacity of the water pump was not affected by the different states, e.g., tilted angle of pump body and tube diameter, which demonstrated that the pump processed good stability. A sustained delivery of water with long distance was achieved using the integrated antigravity transport system. This water pump obtained an anti-gravity transport height with hundred millimeters scale and long distance on the meter scale, and should have potential application in the field of microfluidics system to design advanced devices, sensors and actuators, etc.
